thermal conductivity, as well as metallic or semiconducting behavior. In addition, CNTs have the capacity to cross biological barriers [7, 8] and to be non-immunogenic when shortened, functionalized and rendered highly dispersible in water [9] . They can be eliminated in vivo via renal and/or fecal excretion. In addition, CNTs can also be exploited as new tools for modulation of molecular functions by directly affecting various biological processes or by interaction with bioactive molecules [10] .
There are no comparative studies on the behavior of functionalized SWCNTs and MWCNTs in the field of biomedical applications. It is still not obvious if one type of CNTs presents more advantages than the other. Both types of CNTs are definitely attractive due to their capacity to easily translocate through cell membranes with reduced cytotoxic effects [7] . Furthermore, SWCNTs present the advantage to be detected in vivo because of their photoluminescence properties and can, therefore, be developed for diagnostic purposes [11] . On the other hand, MWCNTs have a higher internal diameter than SWCNTs; the internal cavity of MWCNTs can thus be exploited for encapsulation of therapeutic agents [12] . In addition, MWCNTs have a higher external surface area that offers more possibilities of conjugation or interaction with bioactive molecules. Besides CNTs, other carbon-based nanomaterials, such as carbon nanohorns [13] [14] [15] [16] or carbon nanodiamonds [17] , are currently under investigation for therapeutic and diagnostic applications [18] , but they are not treated in this review.
The aim of this review is to describe the potential of CNTs for the delivery of therapeutic agents in the context of drug discovery for innovative therapies. The strategies to render them biocompatible by functionalization with the active drugs, the possibilities for specific targeting and the options for imaging and tracking are presented. Finally, we describe the different mechanisms of cell uptake and the biodistribution, accumulation and elimination characteristics of these novel nanomaterials.
Drug delivery and targeting
The unique characteristics of CNTs have fascinated the scientific community and their exploitation has allowed the development of innovative strategies using CNTs in the context of drug discovery and delivery. Our laboratories were among the first to explore the properties of CNTs as vectors for drugs to treat infectious diseases [19, 20] . Antibiotic amphotericin B (AmB) is one of the most effective antimycotic agents to treat chronic fungal infections. However, it is poorly soluble in water and forms aggregates, which render it highly toxic to mammalian cells. The conjugation of AmB to both SWCNTs and MWCNTs led to decreased aggregation of the drug by increasing its solubility, with resulting lower cytotoxicity. In addition, an improved efficacy of the antifungal activity was observed for AmB conjugated to CNTs by comparison with free AmB against fungal strains that are infectious against humans. This pioneering work could lead to important implications on the clinical use of AmB, whose antibiotic efficiency is currently limited by its narrow therapeutic index.
In cancer therapy, major bottlenecks include the poor specificity of chemotherapeutic drugs to reach tumor tissues, dosedependent side effects [21] and also the limited cellular entry of various therapeutically active molecules. Nanotechnologies that involve nanoparticles [22, 23] , nanoshells [24] , nanorods [25, 26] , nanowires [27] and CNTs [6] have attracted an increasing interest to develop new approaches that may offer high degree of efficacy [28] [29] [30] [31] . The different strategies using CNTs conjugated with anticancer agents in drug discovery are summarized in Table 1 .
We covalently tethered methotrexate (MTX) to MWCNTs via different linkers [5, 32, 33] , including functional groups sensitive to intracellular enzymes. MTX is a folic acid (FA) antagonist with a potent anticancer activity, but its efficiency is hampered by a limited cell uptake and high toxic side effects. This box summarizes key points contained in the article.
500 nm 500 nm Figure 1 . Transmission electron microscopy images of SWCNTs and MWCNTs.
MWCNT: Multi-walled carbon nanotube; SWCNT: Single-walled carbon nanotube.
The cytotoxic activity of the MTX--MWCNT conjugates against MCF-7 cells was strongly dependent on the type of linker; in fact, MTX grafted via a tetrapeptide displayed the highest activity. We hypothesized that the enhanced anticancer action stems from the efficient intracellular enzymatic hydrolysis of MTX tethered by the cleavable peptide in comparison to a less sensitive ester bond. This work reported a promising alternative for improved cancer therapeutics of clinically-established drug molecules. The CNT backbone has been alternatively used as a platform for the formation of supramolecular complexes with small drugs via p-p and/or hydrophobic interactions. In this context, non-covalent complexes were formed between doxorubicin (DOX) and MWCNTs previously dispersed in aqueous solution by tri-block copolymer Pluronic F127 [34] . DOX is another widely used chemotherapeutic agent, but its efficiency is limited by severe side effects. The cytotoxicity against human breast cancer cells was higher for the DOX--MWCNTs complexes than for DOX alone or DOXsurfactant preparation. The group of Dai reported similar results using SWCNTs. These nanotubes were initially functionalized either covalently with polyethylene glycol (PEG) or non-covalently with a phospholipid (PL)--PEG surfactant [35] . DOX was then loaded on the surface of CNTs and its release was found dependent on the nanotube diameter. Indeed, the release of the drug was slower when it was bound to larger diameter SWCNTs because of a higher strength of p-stacking of aromatic molecules onto larger nanotubes. Therefore, the release rate of the drug by pH control could be tailored by using SWCNTs of suitable dimensions. The DOX delivery was targeted using a cyclic RGD (Arg-GlyAsp) peptide, introduced on the terminal groups of PEG chains. The RGD sequence binds to integrin a v b 3 receptors that are upregulated in many solid tumors [36] . Enhanced uptake of DOX by integrin a v b 3 -positive U87MG cells was observed when bound to PL--PEG--SWCNTs conjugated to RGD. Recently, Dai and co-workers expanded their work to in vivo studies [37] . The DOX-conjugates were tail vein injected in mice bearing Raji lymphoma xenografts. By comparison with free DOX and DOXIL Ò (a liposomal encapsulation of DOX), DOX loaded on PL--PEG--SWCNTs showed prolonged blood circulation half-life, presumably due to PEG that attenuates the clearance by macrophages. Consequently, the uptake of these conjugates in tumor cells was enhanced, leading to a greater inhibition of tumor growth and prolonged survival compared to free DOX. However, mice treated with DOXIL exhibited a higher tumor regression, despite an increased toxicity and animal mortality.
In another study, SWCNTs were functionalized with three different moieties: i) DOX, ii) a mAb targeting the tumor marker carcinoembryonic antigen (CEA) and iii) fluorescein for imaging [38] . Antibody and fluorescein were first covalently linked to protein bovine serum albumin, which was subsequently bound to carboxylic groups of oxidized SWCNTs. DOX was then adsorbed onto the nanotube surface. This conjugate was efficiently internalized by CEA-expressing WiDr colon cancer cells. DOX was rapidly released from the nanotube surface, reaching the nucleus to exert its cytotoxic action, while SWCNTs remained in the cytoplasm. Recent in vitro studies reported an alternative approach for targeted delivery and pH-controlled release of DOX loaded on polysaccharidecoated SWCNTs [39] . The nanotubes were non-covalently wrapped by sodium alginate (ALG), followed by chitosan (CHI) and DOX was then loaded on the surface of the polysaccharide-modified SWCNTs. The release of DOX was triggered at slightly acidic pH, which can be found in tumor environment, as well as in lysosomes and endosomes. The authors of this study explained that the loading efficiency and release rate could be controlled by modifying the z potential of the functionalized SWCNTs through variation of the ALG:CHI ratio. FA, which is a targeting agent for many tumors [40] , was grafted to CHI. Folate receptors are expressed at high levels on the surface of several cancer cells. The FAconjugated SWCNTs were internalized more efficiently into HeLa cells and were more cytotoxic than free DOX and functionalized SWCNTs non-conjugated to FA.
Recently, Sengupta and co-workers covalently attached DOX to pyrene by a carbamate bond, while the pyrene moiety 
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Poly(acrylate) acid Sprague--Dawley rats [55] MWCNTs Toxin protein RTA Targeted adsorbed on the nanotube surface [41] . The DOX--SWCNT conjugate induced time-dependent cell death in B16-F10 melanoma cells in vitro. The slow release of the drug was presumably due to the enzymatically cleavable carbamate linker, which is more stable at neutral pH than an ester, but is cleaved in the presence of cancer cell lysates, being the carboxylesterase enzyme expressed in several tumors including melanoma [42] .
In vivo studies in a mouse B16-F10 melanoma model showed reduction in tumor growth without the systemic toxic side effects associated with free DOX. The action mechanism of DOX conjugated to carbon nanostructures was investigated in more detail by Sengupta and co-workers [43] . The activity of the DOX--SWCNT conjugate was compared to that of DOX covalently linked to polyhydroxylated fullerenes (fullerenols). Tumor inhibition was induced by both conjugates in zebrafish and murine tumor angiogenic models with opposite effects. Indeed, while DOX--SWCNTs exerted a proangiogenic effect in vitro and in vivo, DOX-fullerenol displayed an antiangiogenic activity. Mechanistic investigations revealed that DOX--SWCNTs attenuated the cytotoxic effect of the drug on the endothelial cells and promoted endothelial tubulogenesis, a late step during angiogenesis, whereas the fullerene-based DOX inhibited endothelial cell proliferation. This work emphasizes the critical role of the shape of nanostructures on their biological activity [44, 45] . Another antitumor agent, 10-hydroxycamptothecin (HCPT), has been covalently linked to MWCNTs through a cleavable ester linkage [46] . HCPT is a potent anticancer drug that inhibits the DNA enzyme topoisomerase I, but its clinical application is hindered by low solubility in aqueous medium. The conjugation of HCPT to MWCNTs allowed increasing the water solubility, cell uptake and cancer cell cytotoxicity. When injected in tumor-bearing mice, the HCPT--MWCNT conjugate, labeled with 99m Tc, exhibited a superior antitumor activity due to higher tumor accumulation and blood circulation (3.6 h) by comparison with clinical HCPT formulation.
Dai and co-workers conjugated paclitaxel (PTX) via a cleavable ester bond to branched PEG--PL chains on SWCNTs [47] . PTX is clinically used as cremophor-based formulation (commercially known as Taxol Ò ) and displays reduced efficiency as it is rapidly blood cleared via renal and fecal excretion. The CNT conjugates showed higher efficacy in suppressing tumor growth than Taxol and PEGylated PTX in a 4T1 murine breast-cancer model, due to longer blood circulation and 10-fold higher drug uptake.
Ojima and co-workers functionalized SWCNTs covalently with taxoid (SB-T-1214), via a cleavable linker, and with biotin (vitamin H or vitamin B7) as targeting agent of cancer cells [48] . SB-T-1214 is a second-generation taxoid, which exhibits 2 --3 orders of magnitude higher potency against multidrug-resistant cancer cell lines in comparison to Taxol. Taxoid was linked to SWCNTs via a disulfide bridge, which reduced its potency and, therefore, minimized its systemic toxicity in blood circulation. Specific receptor-mediated endocytosis of the conjugate into cancer cells overexpressing biotin receptors on their surface was observed. The subsequent release of taxoid by cleavage of disulfide bond was reported by intracellular glutathione, and then the drug bound to microtubules, leading to tumor cell death.
Another potent anticancer drug that has been delivered using CNTs is cisplatin, a widely used clinical agent [49] . Different approaches have been attempted to conjugate the drug to CNTs via non-covalent interactions, covalent bonding or even encapsulation inside the nanotube internal cavity. The first approach developed by Lippard and co-workers used SWCNTs non-covalently functionalized with PL--PEG to deliver a platinum(IV) complex, a prodrug that can be intracellularly reduced to an active platinum(II) derivative [50] . The conjugate showed a substantial increase in cytotoxicity profile and a higher cell uptake compared to the free complex. By introducing FA as an axial ligand in the Pt(IV) complex, the cell-killing properties of the new conjugate were enhanced with regard to folate receptor-positive cancer cells [51] . In another study, SWCNTs were covalently functionalized with cisplatin and the epidermal growth factor (EGF) to offer specific binding to the EGF receptor, expressed aberrantly in most squamous cancer cells [52] . The higher specificity of the construct to target and kill the cancer tissues via receptormediated internalization was demonstrated both in vitro and in vivo, resulting in rapid decrease in tumor volume in mice compared to free cisplatin. Alternatively, cisplatin was encapsulated inside the empty inner space of SWCNTs by mixing in DMF solution [53] . This approach allowed protection of cisplatin from photodegradation and external reactive species, thus, avoiding drug decomposition. The resulting SWCNTs were coated with a PEG-lipid surfactant and the cisplatin release occurred over a period of 72 h. The conjugate was taken up by prostate cancer cell lines with a dosedependent decrease of the cell viability. In another study, MWCNTs have been used to encapsulate carboplatin, which has higher water solubility and fewer side effects than its parent agent cisplatin [54] . The molecule was incorporated inside open-ended MWCNTs by a wet-chemical approach driven by capillarity. In vitro studies indicated that the filled nanotubes mediated growth inhibition of bladder cancer cells EJ28 in a dose-dependent manner, while unfilled opened MWCNTs did not affect cell viability. These studies show evidence that cisplatin-based drug conjugated to CNTs is in general more efficient to kill cancer cells than the free drug; however, improvements in the encapsulation, retention and release of the drug molecules in physiological media are needed in order to explore this technology further.
Besides developing methods to eradicate solid tumors, lymphatic metastases are also important in cancer progression. It is, therefore, crucial to develop efficient lymphatic targeted drug delivery systems to tackle metastatic cancer cells from the regional lymphatic system. For this purpose, poly(acrylic acid) grafted-MWCNTs were decorated with magnetic Fe 3 O 4 nanoparticles on their outer surface of the nanotube and loaded with the anticancer agent gemcitabine (GEM) [55] . The in vivo lymphatic targeting properties of GEM were investigated through subcutaneous administration in rats. The concentration of free GEM in the lymphatic system was low, while the GEM--MWCNT conjugates were readily taken up into lymph vessels by the enhanced permeability and retention (EPR) effect and delivered the drug into the lymph nodes of rats by applying an external magnetic field, which aggregates the magnetic MWCNTs at the specific location. The EPR phenomenon is due to an increased vascular permeability and a decrease in the lymphatic drainage system in tumor cells. It has been recognized as a general effect leading to the passive accumulation of macromolecular drugs in tumor cells [56, 57] .
MWCNTs have been also used as targeted delivery systems of other types of molecules in cancer therapy. For example, protein toxins are extremely promising but their high cytotoxicity is non-selective, thus, limiting their applications. The recombinant ricin toxin A (RTA) chain protein catalytically inactivates ribosomes, but suffers from low cell uptake capability. RTA was loaded on the surface of MWCNTs by nonspecific binding [58] . The RTA--MWCNT complexes were translocated to the cytoplasm of various cell lines, causing protein synthesis inhibition and higher cell death rates compared to free RTA. Moreover, an anti-HER2 antibody, which targets HER2-overexpressing breast cancer cells, was noncovalently complexed together with RTA to MWCNTs. A statistical difference between the mortality of cancer versus normal cells was observed, indicating that the conjugate selectively destroyed the cells that overexpress HER2.
Taken together, many studies have shown the potential of functionalized CNTs as drug delivery systems to maintain and occasionally enhance the biological activity of therapeutic agents.
Mechanisms of cell uptake
The wide range of studies described above that attempt to explore the use of functionalized CNTs in the field of drug delivery and discovery have their origin in the capacity of CNTs to cross cell membranes [7] . Several reports have addressed the elucidation of the mechanisms of functionalized CNT cellular uptake [59] . Two main routes of internalization have been proposed: i) direct cytoplasmic translocation by insertion/diffusion and ii) uptake via phagocytosis/ endocytosis processes ( Figure 3) . These two alternatives can be dependent on the differences in terms of CNT diameter and length [60] , functional group and degree of functionalization.
The direct translocation of cell membranes by functionalized CNTs, involving insertion and passive diffusion of the nanotubes across cell membrane in a non-invasive way has been originally proposed by our laboratories [19, 61, 62] . Observation by TEM of ultrathin transverse sections of HeLa cells incubated with functionalized MWCNTs revealed the nanotubes able to cross the cell membrane without damaging or irreversibly disrupting this barrier [63] . We hypothesized that the cylindrical shape, the high aspect ratio, and the semirigid and elongated form of CNTs allowed their penetration through the plasma membrane by a spontaneous mechanism, such as a 'nanoneedle', without causing cell death. This sort of non-classical transport activity has also been observed for some peptides and proteins [64] and theoretically predicted for nanotube-shaped objects [65] . This process was further supported by experiments where functionalized CNTs were internalized even under conditions preventing energy-dependent processes [7] . Indeed, incubation of CNTs with cells at low temperature or in the presence of an inhibitor of endosomemediated translocation did not prevent their translocation capability. Evidence that supports the cell membrane translocation hypothesis of functionalized CNTs has also been observed by others [66] . In addition, Cai et al. proposed CNT spearing of mammalian cells for molecular delivery guided by a magnetic field to cross the cell membrane and intracellularly translocate their cargo [67] . This work aimed to demonstrate that it is possible to induce a temporary permeabilization of cell membranes without perturbation.
Internalization processes based on phagocytosis [68] or endocytosis [69] [70] [71] [72] [73] have been elucidated by various research groups. In particular, Dai and co-workers reported that both SWCNTs covalently linked to proteins [8, 74] or noncovalently coated with DNA [74] were internalized via an endocytotic mechanism. Their uptake was blocked at 4 C and in the presence of endocytosis inhibitors. Endocytosis occurs through clathrin-coated pits, rather than through caveolae or lipid-raft routes. It is rather difficult to fully discriminate between the different possible mechanisms of internalization. Indeed, incubation temperature should be carefully considered as it can affect not only endocytotic processes, but also membrane piercing by CNTs as the fluidity of cell membranes is strongly dependent on temperature. Thus, a decrease of CNT cellular uptake observed at 4 C does not necessarily involve an endocytosis-like mechanism, unless it is corroborated by further evidence. The concomitant existence of multiple possible mechanisms of cell uptake can be attributed to significant differences in terms of both the nanotube material (i.e., type of functionalization and size of CNTs) and the experimental procedures (particularly cell types).
Surface functionalization-dependent internalization of SWCNTs by cells has been also observed [75] . SWCNTs coated with short PEG 2000 exhibited higher cell uptake compared to SWCNTs coated with longer PEG 5400 . This difference probably derives from more exposed hydrophobic surfaces in the case of SWCNTs coated with shorter PEG, due to incomplete coverage of the nanotube sidewall. The retained hydrophobicity can interact with hydrophobic cell membrane domains, resulting in binding and association with cells, which can lead to cell internalization via endocytosis. In another study, prolonged sonication of PL--PEG 2000 -wrapped SWCNTs led to PEG fragmentation [76] . When the PEG integrity was preserved, the coating prevented the nonspecific uptake of SWCNTs by cells, while nanotubes were internalized when PEG was fragmented. Although the authors did not speculate on possible uptake mechanisms, these findings underline the importance of CNT coating in determining their biological fate.
Once internalized in cells, SWCNTs have been described to be able to exit cells through exocytosis. The group of Strano reported a study using DNA-wrapped SWCNTs tracked during in vitro trafficking by exploiting their intrinsic near infrared fluorescence properties [77] . These authors hypothesized that the DNA coating of the SWCNTs could lead to a subsequent clustering in aggregates, which would be significant enough to reach the minimum radius that is required thermodynamically to allow endocytosis [78, 79] . Co-localization experiments showed SWCNTs inside lysosomes, confirming endocytotic uptake. Once inside the cells, SWCNTs were mainly confined inside vesicles, until they were expelled by the cells by exocytosis. In an intriguing study by a different group, reversible accumulation of PEGylated SWCNTs was observed in vitro. Fluorescently labeled PEG--SWCNTs accumulated into the nucleus, in particular the nucleolus [80] . When the nanotubes were removed from the cell culture medium, the internalized CNTs rapidly moved to the nucleus, then moved out of the nucleus and were eventually released from the cells. These results suggested that the translocation of PEGylated SWCNTs through the plasma membrane and nuclear envelope can be bi-directional.
Overall, these experiments highlight the possibility of various mechanisms of cell uptake, which strongly depend on the nanotube types used and their surface functionalization. The different mechanisms can be exploited to target different cell compartments and to modulate the activity of various drug molecules either covalently linked or adsorbed on the nanotubes.
Pharmacokinetic studies
The other fundamental aspect related to the development of a novel system for drug delivery concerns the evaluation of their pharmacokinetic characteristics. Similar to cell penetration, the biodistribution studies of functionalized CNTs are affected by many different variables including the techniques of analysis, the types of nanotubes and the differences in functionalization. Moreover, the plethora of animal models and the different administration routes play a critical role and make comparison of results difficult to interpret. A general agreement on acute toxicity is beginning to emerge based on all published studies that report no adverse events if low concentrations of short CNTs are used. However, it is beyond the scope of this review to address the general issue of toxicity associated with the different types of CNTs, especially those that are not chemically functionalized and not developed for biomedical applications [81] [82] [83] [84] . The different strategies using functionalized CNTs for blood circulation and biodistribution studies are summarized in Table 2 .
One of the first studies on biodistribution and clearance of CNTs was reported by our laboratories, where a radionuclide Kidney, spleen, liver, bone [89] MWCNTs Liver, tumor [92] SWCNTs
SWCNTs/ MWCNTs
Isotope ratio mass spectrometry 
--4 h
Liver, spleen, kidney [94] CNT: Carbon nanotube; i.p.: Intraperitoneal; i.v.: Intravenous; MWCNT: Multi-walled carbon nanotube; SWCNT: Single-walled carbon nanotube.
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Expert Opin. Drug Discov. (2010) 5 (7) Expert Opin. Drug Discov. Downloaded from informahealthcare.com by Imperial College London on 07/01/10 was linked to both SWCNTs and MWCNTs [85] . The covalent functionalization of CNTs by means of 1,3-dipolar cycloaddition allowed the introduction of diethylenetriaminepentaacetic acid (DTPA) to chelate 111
In. The concentration in kidney was very high after 30 min, meaning a preferential tropism for that organ and a fast clearance from the blood stream without accumulation in the other organs. The fast elimination was also confirmed by the low quantity of radioactivity detected 3 h after the injection, with a blood circulation half-life of about 3 --3.5 h. Analogous conjugates, built on MWCNTs, were also used for similar studies in rats [86] . The labeled constructs were later injected into the tail vein and their distribution was followed by microsingle photon emission tomography. Rapid accumulation in kidneys and bladder was observed with almost the total amount of labeled compounds excreted into urine within 6 h. Again, no radioactivity was detected in lungs or the organs of the reticuloendothelial system. The behavior of DTPA-functionalized MWCNTs without 111 In was compared to the distribution of simply purified MWCNTs. Histological analyses showed non-functionalized nanotubes accumulated into Kupffer cells, while no traces of DTPA--MWCNTs were found in lung or liver [87] .
The mechanism of renal clearance was thoroughly investigated, indicating that the longitudinal dimension of functionalized CNTs does not represent a problem for the glomerular filtration if the nanotubes perpendicularly approach the fenestration membrane [88] . The reported renal clearance was also confirmed independently by McDevitt et al. who linked the chelating agent DOTA to SWCNTs functionalized by 1,3-dipolar cycloaddition for the chelation of 86 Y and 111 In [89] . Two groups of mice were intravenously (i.v.) and intraperitoneally (i.p.) injected with the 86 Y-SWCNT derivatives, respectively. Kidney images showed uptake in the renal cortex but not in the medulla. On the other hand, a considerable percentage of radioactivity was measured in liver and spleen, with a concentration dependent on the method of administration. Clearance studies were performed using positron emission tomography and the 111 In-DOTA--SWCNT derivatives were injected via the retroorbital sinus. Urinary clearance was found to be taking place rapidly, with retention of only a low percentage of injected dose after 20 h.
Guo et al. functionalized MWCNTs with glucosamine to complex 99m Tc [90] . The tissue distribution was analyzed at short times after i.p. injection with evident retention of the complex in the gastrointestinal district and in the stomach, although excretion was quite fast (5.5 h) and only traces of radioactivity were found in the entire body. Excretion took place mainly by the bile and fecal routes but a considerable percentage of radioactivity was measured also in the urine.
In another study using different nanotube material, short SWCNTs were non-covalently functionalized using PLs conjugated to linear or branched PEG units [91] . Their blood circulation was strongly influenced by the PEG construct, with an increase from 1.2 to 15 h ranging from PEG 2000 to longer and more branched PEG units, confirming the results reported in a previous article by the same authors [92] . This evidence allows hypothesizing that the branched PEG chains protect and shield CNTs affording biological inertness. Although the main uptake is ascribed to liver and spleen, the presence of high molecular mass PEG (i.e., 5 and 7 kDa) delayed accumulation in these organs. Interestingly, 1 day after the administration of PEG 5000 -SWCNTs, the Raman signals associated with CNTs were detected also in bone, kidney, intestine, stomach and lung. Over a 3-month period, the presence of SWCNTs in the liver and spleen slowly decreased with the excretion mainly via the fecal route. A small percentage of these PEG-coated nanotubes was detected in urine suggesting that only the shortest conjugates (< 50 nm in length) followed this elimination route.
Sun and co-workers found a longer circulation halftime (15.3 h) for SWCNTs covalently functionalized with PEG 1500 following i.v. injection in tumor-bearing mice [93] . Preliminary results showed higher tumor uptake, while no significant uptake of PEG 1500 -SWCNTs was observed in the brain, intestine, muscle and stomach, in contrast to the high accumulation in liver and spleen, even after 7 days of exposure. Alternatively, Kang et al. used SWCNTs complexed with CHI labeled with fluorescent Alexa Fluor488 [94] . The conjugates were injected i.v. in mice. The distribution did not show remarkable differences with respect to covalently functionalized SWCNT derivatives previously reported, with preferential accumulation mainly in the liver as well as in spleen and kidney, even though to a lower extent. Other tissues presented low amount of SWCNTs but the study was performed using mainly Raman spectroscopy which presents limitations in terms of accurate and quantitative determination of nanotube concentration in organs. Based on the reported clearance kinetics, it emerged that the blood circulation half-life was around 3 --4 h. After 24 h, almost 50% of the dose was excreted via the renal route. The fluorescence analysis evidenced the presence of granules rich in nanotubes in the liver, with injury of macrophages and cellular swelling, and also blood coagulation in the blood vessels.
Taken together, most studies on tissue biodistribution and blood kinetics today have indicated that surface modified (chemically or non-covalently) CNTs are eliminated into urine or feces with low residual amounts remaining in the tissues. The blood clearance half-life is generally in the order of hours and seems to be greatly dependent on the characteristics of CNTs and the functional groups present on the nanotube surface. The data reported today suggest that CNTs can be suitable potential nanovectors for drug delivery purposes in the absence of adverse effects.
Conclusions
This review describes the potential applications of functionalized CNTs in the field of drug discovery and delivery. It particularly focuses on the use of CNTs as novel platforms for cancer therapy. Targeted methodologies are currently explored to improve the efficacy of CNT-based conjugates. The discovery of CNTs as new nanomedicine tools received an impetus because of the capacity of such nanomaterials to penetrate into the cells. The mechanisms are various and we have attempted to explain their differences and the role of the functional groups in determining one mechanism in favor of another. Finally, the pharmacokinetics properties have been described taking into account the impact and potential risks of functionalized CNTs on health following in vivo administration.
Expert opinion
The explosive development of novel nanomaterials in the last decade has offered a new rich toolbox for pharmaceutical and biomedical scientists that seek their translation to the clinical realm. One such type of nanomaterial is the CNT that offers a high surface area, hollow cylindrical platform for the attachment, coating and filling with therapeutic and diagnostic agents. The transformation of this molecular platform into a viable pharmaceutical entity is considered unique in drug discovery, as no structurally fibrilar nanoscale component currently exists as a pharmaceutical. Moreover, control of the apparently inherent capability of CNTs to directly translocate cellular membranes will offer a powerful technology for the intracellular transport of molecules that is currently lacking. It is well recognized today that paradigm-shifting advances in drug delivery development will immediately benefit the discovery of new therapeutic modalities and rejuvenate drug discovery pipelines. Developments in CNT drug delivery platforms can potentially offer this.
At the basic level of understanding CNT interactions with human cells and their behavior following CNT administration in living animals, very interesting new mechanisms have been proposed by our laboratories a few years ago that have now been the topic of very constructive and active scientific discourse in the field. At the cellular level, we proposed the occurrence of direct translocation of nanotubes through the cell membrane, termed by some as the 'nanoneedle' mechanism. A few groups have discussed this proposed mechanism through their own experiments and the overall evidence today suggests that direct translocation can indeed occur; however, other cell internalization mechanisms such as endocytosis and phagocytosis can become dominant based on the type of surface modification and length of the CNTs as well as the cell type and experimental conditions (duration of interaction, dispersing media, etc.) used in each laboratory. There is still more work required to elucidate the details of the 'nanoneedle' mechanism of CNT cell internalization and, more importantly, to find ways to control and utilize it for biomedical applications. At the pharmacokinetic and tissue distribution level, we have also proposed (somewhat controversially) that chemically functionalized, de-bundled (i.e., non-aggregated) CNTs following intravenous administration were able to cross the glomerular filtration barrier rapidly and translocate from the blood into the urinary compartment intact and without any damage to the kidney. This proposal has also been reproduced independently by a few others using the same or similar chemical functionalization strategies; however, other studies using different types of CNTs (in particular when nanotubes are coated --non-covalently --with large molecular mass lipid and/or polymer molecules) have shown predominant accumulation in the liver tissue of i.v. injected animals. Again, we believe that this is another illustration of the importance of surface modification on the CNT material used. More systematic studies exploring the pharmacokinetic profiles of different chemically functionalized nanotubes are needed in order to control the degree of their urinary excretion depending on the desired application.
The exploration of CNTs as drug delivery systems is still at its infancy and the variability in the results reported in the literature to date is a testament for this immaturity. Nevertheless, the attractive features of CNTs can in principle offer advantages over other established delivery systems (such as liposomes, polymeric nanoparticles or matrices). As has been illustrated in this review, different types of CNTs have been reported by various laboratories to be able to transport and release a range of therapeutic agents by maintaining (and occasionally improving) biological activity. The field of oncology is the one where most such nanotube-based constructs are being developed and almost all reported studies are proof-ofprinciple investigations. More preclinical studies, cancer disease models and thorough systematic efficacy studies using the different types of CNT material are needed to determine their advantages and limitations. Efficacy of new therapeutic interventions to achieve cancer treatment in comparison to currently available therapy 'gold standard' or established delivery system technologies (either successful or not) is the critical factor that will determine further development of nanotube-based pharmaceuticals. Future studies that focus on the therapeutic efficacy of such constructs should attempt to address this by incorporation of the appropriate controls. 
